■ INTRODUCTION
The properties of nanoparticles (NPs) are highly dependent on their shape, size, composition, and structure. For catalyst design, control over these variables implies the ability to manipulate the quantity of different types of catalytic active sites on different facets, edges, and corners of the NP, which is key to optimizing the NP's activity and selectivity. Control over NP shape, size, and composition has been achieved for a number of transition metals and alloys 1−6 via solution-based synthesis. For Pt and its alloys, 1 the recent push for clean hydrogen fuels technologies 7, 8 has led to a widespread electrochemical characterization of NPs of various shapes and sizes; 1,3,4,9−11 Pt is often the catalyst of choice for the key electrochemical reactions in these technologies, namely, the hydrogen oxidation/evolution reactions (HOR/HER) 12 and the oxygen reduction/evolution reactions (ORR/OER). 13 From a catalyst design standpoint, first-principles computations have proved invaluable for understanding and predicting the electrocatalytic behavior of transition metal surfaces for the HER/HOR 12 and the ORR; 13 plotting their electrocatalytic activities against the calculated adsorption free energies of the reaction intermediates results in volcano curves in which the best catalysts, such as Pt, lie close to the top of the curve. 12, 13 Nanoscaling further enhances catalyst performance, although this is not guaranteed for very small Pt NP for the HER/HOR and ORR, where the specific mass activity decreases with size. 14, 15 Thus far, theoretical explanations of adverse size effects on NP activity are indirectly deduced from (i) ideal surface models 16 or (ii) NP models with hypothetical adsorbate coverage. 17 A direct explanation has been elusive, partly because information on the adsorbate distribution on NP is scarce. To reliably determine the adsorbate distribution, adsorbate− adsorbate interactions have to be modeled, as is done for ideal surface catalysts, in which the thermodynamic behavior of adsorbates during catalytic operating conditions is simulated. 18−20 Such simulations allow for a direct visualization of the thermodynamically stable adsorbate distribution on the catalyst surfaces, giving valuable insights to possible active adsorption species and reaction intermediates. Compared with ideal surfaces, NPs pose a challenge because more symmetrydistinct adsorbate interactions have to be accounted for owing to the larger number of adsorption site types for NPs (different facets, edges, and corners).
The cluster expansion (CE) method 17,21−24 provides the most general tool to construct effective adsorbate−adsorbate interactions. 19,20,25−28 In addition to short-range pair interactions, the CE method includes both long-range and multibody effective interactions, which are essential for capturing the presence of minority adsorbate species that could be the key reaction inermediates. 19 We simulate hydrogen adsorption isotherms and the associated cyclic volatammetry (CV) using the CE method. We identify thermodynamically stable H* configurations on the NP catalyst during HER and the active species under realistic coverage, focusing on 1 nm size Pt NPs, using an ideal cuboctahedron, a commonly observable and synthesizable shape. 2, 9, 29 To assess the NP activity during HER, we extract the thermodynamically stable H* configurations that are representative of the NP functioning under standard operating conditions of the hydrogen electrode. Using a representative H* configuration, we then evaluate H 2 desorption energy barriers and the exchange current via microkinetic modeling to quantify the activity contributions from each H* species. We show that the nearest neighbor bridge site pairs on the facets are the most active, contributing to ∼75% of the NP activity. Edge sites per se are not active; however, they react with neighboring H* on the (100) facet to account for ∼18% of the activity. The results explain previous deductions that facet sites are more catalytically active than edge sites 14, 16 and affirm that the decrease in the ratio of facet-to-edge adsorption sites is the reason behind the observed adverse size effect of small NPs. Another key result of this work is that our derived CV profile is comparable to those from experiments. To identify the different adsorption sites present on the NP surface, experiments compare the NP CV profiles 10, 30 with those of model single-crystal surfaces 31−33 of Pt. The position and sharpness of the CV peaks are linked to surface orientation 31, 32 and the presence of specific step edges and kinks. 34−38 By directly partitioning the CV profile into individual components to identify the H* species contributing to each of the peaks, our simulations offer an unambiguous association of the adsorbate species responsible for each CV peak. We found that the CV peaks agree with experimental ones. In addition, we identify a new peak (and its origin) close to the standard hydrogen electrode potential that can explain the observations in some experiments. 39, 40 ■ METHODOLOGY We used the Vienna ab initio simulation package (VASP) 41, 42 within a projected augmented wave (PAW) basis 43 along with the revised PBE functional 44 to obtain the DFT adsorption energies and the climbing image nudged elastic band method 45 for energy barrier calculations (details given in the Supporting Information (SI)). To compare the relative stabilities of the H* configurations, σ, on the NPs, we define the adsorption energy as As shown in Figure 1 , we consider six symmetry-distinct adsorption sites 17 for H on our model 55-atom Pt cuboctahedral NP. The bridge sites consist of 48 b e and 24 b 100 sites which are located at the NP edge and (100) facet, respectively. The atop sites consist of 24 t e , 6 t 100 , and 12 t c sites, which are located on top of the center Pt atom at the edge, the center Pt atom on the (100) facet, and the corner Pt, respectively. For the (111) facet, we consider 8 h 111 fcc-type hollow sites.
To model the effective interactions between neighboring H*, we construct a CE using the TTK 17,24,46−49 code we have developed. The optimally truncated CE reproduces well the DFT-calculated E ads (σ) and is used in Monte Carlo (MC) simulations to search for low-energy H* configurations and obtain the adsorption isotherms. Additional details are given in the Supporting Information.
■ RESULTS AND DISCUSSION Low-Energy H* Configurations. For a single-H* adsorption, the b 100 site is the most stable and E ads (b 100 ) < E ads (t 100 ) < E ads (b e ) < E ads (t c ) < E ads (t e. ) < E ads (h 111 ). As shown in Table 1 , their relative stabilities remain unchanged with zeropoint energy (ZPE) and H* vibrational free energies (F vib ) corrections. Figure 1 shows the groundstate configurations obtained from the set of 452 DFT-calculated E ads + ΔE ZPE for H* configurations across 0 ≤ m ≤ 122 (see Figure S2 ). These groundstates give an overview of where individual H atoms are adsorbed on the NP as coverage increases.
At very low θ, b 100 sites are occupied first; however, the strong effective repulsion (see Table S1 ) between neighboring b 100 sites, ∼0.19 eV (∼0.12 eV) for (next) nearest neighbors (n.n.), implies each (100) facet will have one occupied b 100 , at most. Likewise, even though E ads (t 100 ) is the second-lowest, the initial occupation of some b 100 sites precludes occupation of t 100 because the effective b 100 −t 100 repulsion is strong at ∼0.2 eV (see Table S1 ). In contrast, the relatively weak b e −b e and b e − b 100 repulsions (∼0.05 eV) allow the majority of H to occupy the b e site for Nθ ≤ 48. When all b e sites are occupied, the next H atoms will occupy one of the three remaining empty b 100 sites, yielding a pair of occupied next-n.n. b 100 on each (100) facet, obtaining m = 60. At this stage, adsorption on t c , h 111 , and the remaining n.n. b 100 sites are energetically comparable, and they are filled up accordingly to reach m = 92. Thereafter, H occupies the t e sites and, last, the t 100 sites. The hcp hollow sites are not considered; their E ads (−0.2 eV) is much higher compared with the bridge and atop sites. During DFT calculations, when low-energy b e sites are occupied, the H*'s at the hcp site are unstable and get repelled into the neighboring vacant h 111 site.
Electrochemical Reactions. The overall HER and its reverse, HOR, H + + e − ↔ (1/2)H 2 , could proceed via the Volmer−Heyrovsky or the Volmer−Tafel mechanisms.
For Pt catalysts, the Volmer's step is often assumed to be at quasi-equilibrium because its reaction barrier is much lower than that of the Tafel and Heyrovsky reactions. 50 Following the approach by Norskov et al., 18 we define the free energy for the Volmer's reaction as
where U is the overpotential with respect to the standard hydrogen electrode. At U = 0, the reaction energy for the HER, H + + e − → (1/2)H 2 , is defined to be zero at standard conditions (T = 298 K, p = 1 atm, pH = 0). As a result, ΔG 0 may be defined as the reaction free energy for (1/2)H 2 (g) → H* at standard conditions, which can be calculated as
Here, ⟨E ads ⟩ σ is the configuration-averaged adsorption energy as defined in eq 1, which is obtained by MC simulation using the CE formalism. ΔE ZPE , ΔE vib (T), and ΔS vib are the differences in ZPE, vibrational free energy and entropy between the adsorbed H states and the H 2 gas, respectively. ΔF tran and ΔF rot are differences in translational and rotational free energies, which arise solely from the H 2 gas. The values are approximated from a single adsorbed H* (see Table 1 ), and their derivation 19, 51, 52 is explained in the SI. Our MC simulations are performed under the condition ΔG = 0 to obtain the H adsorption isotherms.
Coverage vs Electrochemical Potential. We plot in Figure 2 the simulated adsorption isotherm and CV curves versus electrochemical potential, U. The amount of adsorbed H increases as U decreases. The contributions from each of the six adsorption sites provide valuable information for the active adsorbate species during electrochemical H adsorption/ desorption. The "deconvoluted" adsorption isotherm tracks the coverage of each adsorption site species, from which the fraction of potentially active sites that are available or blocked can be deduced.
At 298 K, the configuration entropic contribution is not expected to be large, and the MC simulation will sample lowenergy H* configurations up to ∼k B T = 25 meV above the groundstate hull; this value of 25 meV is comparable to some of the weak H*−H* interactions but is several times smaller than the strong ones, such as those between n.n. b 100 −b 100 , and b 100 −t 100 . Hence, the observed H* configurations at each θ are not expected to deviate drastically from the groundstates. The first adsorbed H* at ∼U = 0.5 V are on the b 100 , and as U decreases to ∼U = 0.35 V, H*@b e overtakes as the majority species and increases steadily to saturation at U = 0.15 V; θ of b 100 meanwhile hovers at around 0.04. Adsorption at t c and h 111 starts at ∼0.18 and 0.06 V, respectively. A small bump in the θ of t 100 is observed at ∼0.15 V. These observations are in line with our analysis of the groundstates, where b e sites are expected to be fully occupied first with, at most, 1/4 of the b 100 sites being occupied per (100) facet at the initial adsorption and then subsequent adsorption at the t c and h 111 sites. The adsorptions on t e and t 100 in the overpotential region begin at ∼−0.4 and −0.5 V, respectively.
Theoretical Cyclic Voltammetry. The adsorption isotherms are used to derive the CV curves 18, 19 (see SI for derivation). The positive CV portion is shown in Figure 2b with labeled peaks together with the contributions from the individual adsorption site type. The CV profiles are often used in electrochemistry experiments as fingerprints of a specific surface structure/feature of the catalysts because the ions get adsorbed onto different sites at different voltage ranges. The location of each peak along U and their breadth indicates the adsorption species and interadsorbate repulsion, respectively, whereas their relative areas under the peak indicate the fraction of adsorption features. 30 For experiments, the α, β, and γ peaks are associated with (100) domains, (100) step sites, and (110) step sites. 9 Our derived peak locations fit these descriptions: peak α is contributed by the b 100 sites on the (100) facet, and β is contributed by b e sites at the edge between the (111) and (100) facets (the so-called (100) step). Because of our cuboctahedral model, γ is contributed by t c sites atop the corner Pt atom (at the intersection of two (111) and two (100) facets), instead of (110) step sites, had we used a truncated octahedron. Table 2 shows the peaks' locations, and they compare well with experiment, despite the smaller size of our model NP. Locations α and β are ∼0.07 and 0.05−0.1 eV more positive than those from experiment, respectively; this upshift is most likely due to the size effect, in which H adsorption on bridge sites of 1 nm particles are expected to be ∼0.1 eV stronger versus (100) surfaces. 17 Location γ differs by, at most, 0.03 eV from experiment, although we note that this peak arises from atop t c sites instead of (110) step sites in our model. There is a peculiar contribution by b 100 when decreasing U from 0.5 to 0.2 V. The current contribution reaches a peak at α before decreasing and reaching negative values for 0.25 V < U < 0.35 V. In this U range, the b 100 coverage decreases while that of b e increases rapidly. The b 100 coverage increases (slowly) again for U < 0.25 V, resulting in a shoulder, α′, at U = 0.22 V.
The relative heights of α, β, and γ compare well with the CV curves from (100)-oriented NP, 30, 53 where β is the highest peak and is three times the height of α and 1.6 times that of γ. Our cuboctahedral model has a large fraction of 48 b e sites contributing to peak β, whereas only six t c sites (one on each (100) facet) contributes to α; hence, the β−α height ratio is around 7. We expect the β−α height ratio to be lower for larger nanoparticle models because the number of (100) facet sites will increase with respect to edge sites. We further identify the origin of a less commonly observed peak, δ, at U = 0. It arises from (i) additional adsorption on b 100 sites, resulting in the occupation of n.n. b 100 −b 100 and (ii) adsorption on h 111 sites. This peak has been observed in some experimental CVs 39, 40 that reach U = 0. Peaks κ and λ, in the overpotential region, from t e and t 100 sites, respectively, are not accessible in experiment.
Our simulated CV compares reasonably well with experiment, despite using a small 1 nm NP. However, because of the NP size effect, the 55-atom cluster has a large proportion of atoms that are under-coordinated (42 atoms on the shell). The electronic d band (both center and width) of our 55-atom cluster is well-formed 29 (unlike few-atom clusters), but it is expected to be different from large NPs (which nears bulk-like behavior at 100+ metal atoms). 54, 55 Hence, the E ads of H* is expected to differ, as well. As shown previously, 17, 55 for a 1 nm NP, the E ads of b 100 is ∼0.1 eV lower than that of the (100) surface, whereas that of h 111 is ∼0.1 eV higher. Nonetheless, the E ads on a semi-infinite surface is representative of the E ads for large NPs, where E ads converges quickly with NP size, as demonstrated by Okamoto. 55 Hence, for a large NP, we expect the location of peak α to shift negatively by ∼0.1 V, which leads to a better agreement with observations. The h 111 contribution would be expected to shift positively by ∼0.1 V and contributes to peak γ; this may explain the higher peak seen at U = 0.1 V for spherical NPs with a higher percentage of (111) facets. 30 The E ads 's for b e sites are not expected to change much with NP size; 55 hence, peak β is expected to remain approximately at the same location.
Active H* Species During HER. At U = 0, the H coverage is representative of the Pt NP at standard operating conditions during HER. 12, 19 From Figure 2a , the fractional site occupations for b e , b 111 , t c , h 111 , t e , and t 100 are 100%, 62%, 96%, 45%, 0%, and 2%, respectively; these values are obtained by dividing m by the number of available sites for each species. Representative low-energy H* configurations from MC simulations at U = 0 are listed in Figure 3 . Using the configuration in Figure 3b , whose fractional occupation is closest to the thermodynamic one, we evaluate the activation barriers (E a ) of H 2 desorption for different pairs of H* in the Tafel reaction, eq 3. This configuration has one densely covered (100) facet with H* adsorbed on all four b 100 sites, and the normal facets with two b 100 sites (second n.n.) occupied. From Table 3 , the low-E a pairs are in the range of 0.69−0.75 eV and are mostly from the n.n. bridge sites on the densely covered facet; these values are comparable to that of the Pt(100) surface (0.67 eV). 50 It is surprising that the second n.n. b 100 −b 100 (on the normal facet) would have a low E a of 0.75 eV. Via microkinetic modeling 12, 19 (see the SI), which accounts for both the reaction barrier and the statistical occurrence (from MC simulation) of each H* pair, we estimate the exchange current (j 0 ) contribution from each pair. The lowest-E a n.n. b 100 −b 100 pairs are the most active, contributing to 75% of total j 0 . The n.n. b e −b 100 pairs on the dense (100) facet also contribute significantly (18% of total j 0 ). The overall j 0 is 1.2 × 10 −3 A cm
, comparable to those of ideal surfaces (4.5−9.8 × 10 −4 A cm −2 , depending on surface orientation 31 ). On the basis of the CV peak at U = 0, one would initially guess that b e and h 111 species are active species for the HER because they are weakly bound to the NP. Although the low desorption barrier of the b e concurs with the initial guess, the Table 3 ).
barrier of h 111 with neighboring H* is high. We note that the barrier calculated here via the Tafel reaction is dependent on two neighboring H* pairs. Single-site desorption via the Heyrovsky reaction should be explored in the future where the desorption barrier of the loosely bound h 111 species could be low.
Our computations put into perspective previous observations that the size effect adversely affects the electrocatalytic activities of very small NPs (∼1−3 nm). 14, 16, 17 We confirm that edge sites, per se, are inactive; although b e −b e pairs are prevalent, their desorption barriers are high. However, b e can participate in the HER via reaction with n.n. b 100 species on the facet and contributes significantly to the HER, scaling with the number of b 100 edge sites. On the other hand, the most active pairs, n.n. b 100 −b 100 pairs, scale with the number of (100) facet sites. The 1 nm NP has a smaller ratio of active facet sites to less-active edge sites than larger NPs; hence, a decrease in activity. On the basis of such geometrical arguments 56, 57 alone (see SI), one could estimate the specific (j 0 ) and mass (i 0 ) activity versus NP size. As shown in Figure 4 , j 0 increases continuously with NP size, and i 0 first increases from 1 to 2.2 nm and decreases thereafter. The overall activity trend follows that of the n.n. b 100 −b 100 species. Contributions from the edge sites (b e ) is significant for ∼NP < 3 nm and diminishes with size. To reverse the adverse activity trend for NP < 2.2 nm, the E a for b e −b 100 has to be lowered to become comparable with that of n.n. b 100 −b 100 . The NP size for maximum i 0 is 2.2 nm, comparable with HOR experiment (∼3 nm) 14 and ORR experiment (∼2.2 nm). 15 It remains to be seen how the E a barriers on facet sites of larger NP compare with that for 1 nm NPs because a lower E a would increase the NP size for the maximum i 0 . We note that the adverse size effect predicted here is based on the caveat that the E a of the facet pair b 100 −b 100 is lower than that of edge pair b e −b e (by 0.1 eV) and the mixed pair b e −b 100 (by 0.05 eV), and such differences could, under certain circumstances, be sensitive to the theoretical treatment. It will be interesting to see how these values change for larger NPs to make a more complete comparison to relevant experiments.
■ CONCLUSION
We predicted adsorption isotherms and derived hydrogen adsorption−desorption CV curves for Pt nanocatalysts, focusing on the 1 nm size, where the effects of size adversely affect the electrocatalytic activity. These simulations utilized DFT adsorption energies and cluster expansion thermodynamics. We elucidate the equilibrium configurations of H* adsorbed on cuboctahedral Pt nanoparticles over a wide H coverage and electrochemical potential, U. Decomposing the adsorption isotherm into site contributions, CV peaks from adsorption on b 100 on facets, b e at edges, and t c at corners are identified as the experimentally observed peaks from (100) domains, (100) step sites, and the (110) step, 9 respectively. The b e and b 100 are occupied initially at U > 0 but close to U = 0, b e sites are fully occupied and H starts to adsorb on t e corner sites and the h 111 hollow site. Atop sites t 100 and t c are occupied only at U < 0. The peak at U = 0 is attributed to b e and h 111 sites. Importantly, we are able to visualize the H* distributions at standard hydrogen electrode conditions (U = 0) and elucidate the active reaction species for the hydrogen evolution reaction via calculations of the activation barrier and microkinetic modeling. We show that n.n. b 100 −b 100 H* pairs on the (100) facet are the most active species, followed by n.n. b e −b 100 pairs. As a result of the facet sites (b 100 −b 100 ) being more active than the edge sites (b e −b 100 ), NP displays a mass activity trend that peaks at ∼2 nm, explaining why adverse effects are observed for NPs < 3 nm. Our work demonstrates the usefulness of the DFT-based cluster expansion method in modeling complex adsorbate distributions on catalyst surfaces from which active reaction species are identified via evaluation of the reaction barriers and their catalytic activity quantified via microkinetic modeling.
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